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Relay Selection Scheme for AF System with Partial CSI and
Optimal Stopping Theory
Rui Zhu, Tao Li , Jianxin Guo, and Yangchao Huang
Abstract: Relay selection for Relay Assisted (RA) networks is an economical and effective method to improve
the spectrum efficiency. Relay selection performs especially well when the source node has accurate and timely
Channel State Information (CSI). However, since perfect CSI knowledge is rarely available, research of relay
selection with partial (statistical) CSI is of paramount importance. In this paper, relay selection for RA networks
with statistical CSI is formulated as a Multiple-Decision (MD) problem. And, the cost of obtaining the CSI is
also considered in the formulated problem. Two relay selection schemes, Maximal Selection Probability (MSP)
and Maximal Spectrum Efficiency Expectation (MSEE), are proposed to solve the formulated MD problem under
different optimal criteria assumptions based on the optimal stopping theory. The MSP scheme maximizes the
probability that the Best Assisted Relay Candidate (BARC) can be selected, whereas the MSEE scheme provides
the maximal expectation of the spectrum efficiency.

Experimental results show that the proposed schemes

effectively improve the spectrum efficiency, and the MSEE scheme is more suitable for stable communication cases.
Meanwhile, the MSP scheme is more suitable for burst communication cases.
Key words: Relay-Assisted (RA) network; relay selection; optimal stopping
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Introduction

With the rapid growth of information technology,
wireless communication requires an exponential
increase of spectrum efficiency. To meet this
requirement, Relay Assisted (RA) communication with
relay selection, a typical cooperative communication
technique, has gained a lot of interest due to its ability
to mitigate fading in wireless channels by introducing
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spatial diversity gain. To fully exploit the advantages
of RA communication techniques, various relaying
strategies and selection schemes have been proposed
to achieve significant performance gains under various
performance criteria and constraints[1–13] .
Among the proposed relay strategies, Amplify-andForward (AF)[1] has been intensively studied because
of its low complexity. In the decode-and-forward and
compress-and-forward protocols, the received signal
must be decoded and re-encoded before relay. Under
the AF strategy, the assisted relay simply amplifies and
forwards the received signal to the destination node
under the relay power constraint without decoding and
re-encoding. This makes the AF strategy easier and
more convenient to employ in practice.
In regards to relay selection schemes, Bletsas et al.[2]
and Jedrzejczak et al.[3] studied the spectrum efficient
relay selection scheme based on the harmonic mean
of Source-Relay (SR) and Relay-Destination (RD)
channel gains, and various relay selection schemes
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were proposed in Refs. [6–8] to optimize the outage
of wireless powered RA networks. In order to study
the coverage performance of the RA network, the
corresponding relay selection scheme based on the
outage probability criterion was design in Refs. [9–11].
Moreover, a relay selection scheme which can improve
the bit error rate performance was considered[12, 13] .
However, it is worthy of note that the achievements
of the above mentioned work have been based on
assumption of perfect Channel State Information (CSI),
and it is known to be almost impossible to obtain the
perfect CSI, due to the inevitability of noise and/or the
time-varying nature of wireless channels.
Therefore, a more practical line of research looks
at relay selection under the assumption of partial
CSI[14–20] . Tabataba et al.[14] derived an approximate
closed-form expression for the outage probability, and
proposed the corresponding power allocation scheme
of the source and the relay node for the AF-RA
network under the assumption of a high Signal-to-Noise
Ratio (SNR). Meanwhile, Seyfi et al.[17] and Amin
et al.[18] presented relay selection schemes with the
maximal effective SNR and equal power allocation.
Wang and Chen[19] further analyzed the performance
of relay selection schemes with limited feedback.
Moreover, Koyuncu and Jafarkhani[20] proposed a relay
selection scheme to maximize the capacity lower bound
under the assumption of imperfect channel estimation.
Nevertheless, compared to the perfect CSI case, the
performance of relay selection with partial CSI is
limited because of the challenging problem of channel
estimation for the AF-RA network.
Fortunately, the development of the physical channel
model[21–25] and optimal stopping theory[26–30] provides
new methods to overcome this performance limitation.
Unlike the perfect CSI, the statistical CSI can
be obtained through long-term observation and the
results of these studies show that the performance
of an AF-RA network benefits from the use of
the statistical CSI. A Multi-rate Cooperative Medium
Access Control (MC-MAC) protocol, which selects
the relay candidate and transmission rate based on
the statistical CSI, was designed for networks with
slow-changing channels[21] . Similarly, Zhan et al.[22]
presented an AF network coded protocol that achieves
excellent network performance, and Guo et al.[23]
analyzed the ergodic capacity Upper Bound (UB) of
an AF relay selection network with statistical CSI.
Nevertheless, although the statistical CSI is beneficial
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for the performance of RA networks, most of the
existing research has not accounted for the cost of
obtaining the statistical CSI. This oversight limits the
application of the results.
In this paper, we formulate relay selection with
statistical CSI as a Multistage Decision (MD) problem.
Two relay selection schemes, Maximal Selection
Probability (MSP) and Maximal Spectrum Efficiency
Expectation (MSEE), are proposed to solve the
formulated MD problem based on different optimal
criteria. The MSP scheme maximizes the probability
that the Best Assisted Relay Candidate (BARC) is
selected, while the MSEE scheme maximizes the
expectations of spectrum efficiency. Based on the
optimal stopping theory, the optimal algorithms are
designed for these two proposed relay selection
schemes.
The reminder of this paper is organized as follows.
In Section 2, the relay selection model and frame
structure are presented. In Section 3, the MSP
scheme and the optimal algorithm of the observation
window size are proposed, followed by the MSEE
scheme and the threshold optimal algorithm in Section
4. Section 5 shows the experimental results of the
proposed schemes. Finally, conclusions are drawn in
Section 6.

2

System and Signal Model

In this section, the AF-RA network model is proposed.
The corresponding signal model and frame structure are
also introduced.
2.1

System model

This paper studies a typical RA network with multiple
users and Assisted Relay Candidates (ARCs) which is
shown in Fig. 1. Each of the nodes in the network equips
a single antenna, and the 2-hop AF protocol is taken

hrd
S1

D1

R1

R2
Sm

hsr

Rn
Dm

hsd
Fig. 1 Illustration of RA network with multiple users and
assisted relay candidates.
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by the relay node. For convenience, we assume any
relay node can only cooperate with two users at once,
and that any two users can adopt a single relay node
to assist communication. Since there are multiple users
in the RA network, we denote Pfree;i as the available
probability of the i-th ARC. Thus, a higher Pfree;i
equals more ARCs and/or fewer user nodes in the RA
network, while a lower Pfree;i equals fewer ARCs and/or
more user nodes in the RA network.
Without loss of generality, the flat fading channel
with Gaussian noise is adopted in this paper, and
the spectrum bandwidth is normalized for the sake
of analysis. Therefore, there is no difference between
channel capacity and spectrum efficiency in this paper.
2.2

Frame structure

As shown in Fig. 2, the communication process is
spliced by a series of time slots, with each slot including
a Negotiation Stage (NS) and a Transmission Stage
(TS). During the NS, the source node negotiates with
the available ARCs in sequence to determine the proper
assisted relay node. If a negotiating ARC is adopted, the
source node will turn to the TS. The TS is also divided
into two steps due to the adoption of the 2-hop AF
relay protocol. In the first step, the adopted relay node
receives the signal from the source node; in the second
step, this signal is relayed to the destination node. If we
define the period of the communication slot as T , the
duration time of the TS can be written as T k , where
 is the negotiation cost and k indicates the number of
rejected ARCs.
2.3

Signal model

From the definition of the 2-hop AF protocol, the
received signal of the relay node is easily obtained as
p
(1)
yri D hsri Ps x C nri
T

T

Slot(1)

Slot(2)

T
Slot(N )

…

TS

NS

NS(1)

W

NS(2)

W

…

NS(i)

W

Direct TS
Relay TS(1)

T  iW
2

Relay TS(2)

T  iW
2

Fig. 2 Illustration of the frame structure of the relay
selection scheme.

where yri represents the received signal of the i-th
ARC. hsri represents the gain of channel between the
source node and the i -th ARC. Ps and x represent the
transmit power and transmit signal of the source node,
respectively, and nri represents the Gaussian noise
of the i -th ARC. Similarly, the signal in the second
transmission step is
yd Dˇhri d yri C nd D
p
ˇhri d hsri Ps x C ˇhri d nri C nd
(2)
where yd is the received signal of the destination node,
hri d represents the gain of channel between the i-th
ARC and the destination node, and nd and ˇ represent
the Gaussian noise of the destination node and the
magnification coefficient, respectively.
s
Pri
ˇD ˇ
ˇ2
(3)
ˇhsr ˇ Ps C  2
i

ri

where Pri is the relay power of the i -th ARC. If r2i
and d2 are the variance of nri and nd , respectively,
the variance of ˇhri d nri C nd can be denoted as
ˇ 2 h2ri d r2i C d2 . Hence, when the maximal radio
combining protocol is employed, the SNR of yd can
be formulated as
Ps Pri h2sri h2ri d
Ps h2sd
(4)
C
ri D
ıd2
Ps h2sri ıd2 C Pri h2ri d ır2i C ır2i ıd2
Based on Eq. (4) and Fig. 2, the spectrum efficiency
of the relay link with the i -th ARC can be represented
as
T i
Cr;i D
log2 .1 C ri /; i D 1; 2; : : : ; n (5)
2
Similarly, the signal of the direct transmission mode
is
p
yd D hsd Ps xs C nd
(6)
and the spectrum efficiency of direct transmission in the
i -th slot is
Cd;i D.T i  / log2 .1 C d / D
!
Ps h2sd
.T i  / log2 1 C
(7)
d2
Therefore, the spectrum efficiency of AF-RA
network by relay selection scheme can be formulated
as

Ci D max Cd;i ; Cr;i ri
(8)
In order to achieve the best spectrum efficiency, the
optimal relay selection scheme should guarantee that
the BARC can be selected. So, the optimal problem
of relay selection can(be represented as
)
X

i D arg max
Ci Ii ji D 1; 2; : : : ; n
(9)
i
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where Ii represents the indicator function, defined as
(
1; i  D iI
Ii D
(10)
0; else
It is clear that the result of Eq. (9) provides the
spectrum efficiency UB of the AF-RA network. If the
perfect CSI is available, Eq. (9) can be solved by an
existing optimal algorithm. However, as mentioned in
the introduction above, it is almost impossible to solve
Eq. (9) directly because in practice the perfect CSI is
rarely available. We therefore propose two sub-optimal
schemes in the following section.

3

MSP Scheme

Since the source node may fail to identify the BARC
without perfect CSI, an alternative approach is to
maximize the selection probability of the BARC. For
the sake of convenience, we name it MSP scheme. The
corresponding protocol and optimal algorithm of this
scheme are given in this section.
3.1

Protocol of the MSP scheme

As mentioned above in the frame structure section,
the communication slot is divided into an NS and a
TS. For the MSP scheme, the NS is further split into
a negotiation segment and a judgment segment. In
the NS, the source node negotiates with the first k
ARCs, and the maximal spectrum efficiency provided
by the first k ARCs is taken as the threshold S . In the
judgment segment, the source node negotiates with the
other ARCs in sequence. If the spectrum efficiency
provided by the negotiating ARC is larger than the
threshold S, the negotiating ARC is adopted and the
source node turns to the transmission stage, otherwise
the negotiating ARC is rejected. The rejected ARCs
will be reconsidered until the next communication slot.
The protocol of the MSP scheme is shown in Fig. 3.
Because of the specifics of the MSP protocol, the
Negotiation stage
Observation part

NS 0

…

NSk

Judgement part

NSk 1

NSk 2 … NSn

Ck 1 ! max ^Ci ` Ck  2 ! max ^Ci `
i 1, 2,..., k

i 1, 2,..., k

TSk 1

TSk 2

…

TSn

Transmission stage

Fig. 3

Illustration of the protocol of MSP scheme.
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performance of the MSP scheme depends deeply on
the value of the observation window size k. The next
section describes an algorithm designed to optimize k
based on the optimal stopping theory.
3.2

Optimal algorithm of MSP scheme

With the observation window size represented by k, the
selection probability of BARC under the MSP scheme
can be formulated as
n
X
Pmax .i; n/Psel .i jPmax .i; n// (11)
P .k/ D
i DkC1

where Pmax .i; n/ defines the probability that the
i-th ARC is the BARC among n candidates, and
Psel .ijPmax .i; n// defines the conditional probability
that the i -th ARC is selected when it is the BARC
among n candidates. Hence, when the i -th ARC
is the BARC among n candidates, the Cumulative
Distribution Function (CDF) of the spectrum efficiency
is formulated as


2C i
˚
Pj .Ci / D P Cj < Ci D P j < 2 T i 1 D
Z

2C i
i

2T

1

f . i /d i ; j D 1; : : : ; n; j ¤ i

(12)

1

where f . i / is the Probability Density Function (PDF)
of i ; i D 1; 2; : : : ; n. If we then denote the spectrum
efficiency of the direct transmission mode as Cd;0 , the
probability Pmax .i; n/ can be Zwritten as

Pmax .i; n/ D Pothers Pfree;i

where

Pothers D Pfree;j

n
Y

1

2

2Cd;0
T i

1

f . i /d

Pj .Ci / C Pbusy;j

i

(13)

(14)

j D1;
j ¤i

and

Pfree;i C Pbusy;i D 1; i D 1; 2; : : : ; n
(15)
Similarly, if we take Pmax .0; n/ to denote the
probability that the direct transmission mode can
provide the maximal spectrum efficiency, then it can be
calculated as
n
Y

Pmax .0; n/ D
Pfree;j Pj .Cd;0 / C Pbusy;j (16)
j D1

Moreover, based on the protocol of the MSP scheme,
when the i-th candidate is the BARC among n
candidates, it will be selected if the BARC among
previous i 1 candidates located in the observe window.
Therefore, Psel .ijPmax .i; n// can be calculated as
k
X
Psel .ijPmax .i; n// D
Pmax .j; i 1/
(17)
j D1
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From Eqs. (11), (13), (16), and (17), we know that
the probability equation depends on the PDF of P .k/
and observation window size k. In general, i emerges
from the statistical CSI, so k is the optimal variable.
k  D arg max fP .k/ j k D 1; 2; : : : ; n 1g (18)
It is hard to design a general algorithm to solve
Eq. (18) for the various f . / values, except via
enumeration. Fortunately, enumeration is an acceptable
method for the MSP scheme because there are few
ARCs in the RA network. In particular, when i is
independent and identically distributed (iid) and
 D Pbusy;i D 0; i D 1; : : : ; n
(19)
then Eq. (13) can be simplified as
Z 1
n Z
Y
Pmax .i; n/ D
f . i /d i
1

i

f . j /d
1

j D1;
j ¤i

j

D

1
n

(20)
Equation (17) can be rewritten as

Psel .i jPmax .i; n// D

k
i

and Eq. (11) can be calculated by
n
k
1 X
P .k/ D
n
i 1

1

(21)

(22)

iDkC1

Equation (22) is the solution of the classical secretary
problem[26] , so the MSP scheme is in fact an extended
example of the classical secretary problem. The MSP
process is summarized in Table 1.

4

expectation of the spectrum efficiency, that is MSEE.
The corresponding protocol and optimal algorithm are
introduced in this section.
4.1

Protocol of the MSEE scheme

Like the MSP scheme, the MESS scheme is also
divided into an NS and a TS. Unlike the MSP
scheme, the MESS scheme will decide the polling order
and threshold set Si .i D 0; 1; : : : ; n/ based on the
statistical CSI before the communication begins. Then,
during the i -th NS, the source node will estimate
the spectrum efficiency of relay transmission Cr;i and
direct transmission Cd;i . If the Cr;i or Cd;i is larger
than the threshold Si , the NS will end and the source
node will turn to the corresponding transmission mode,
otherwise, the negotiating ARC will be rejected and
the source node will negotiate with the next ARC. The
threshold optimal algorithm is given in the next section,
and the process of the MESS protocol is shown in
Fig. 4, where DTS is Direct TS, and RTS is Relay TS.
4.2

Optimal algorithm of the MSEE algorithm

In order to overcome the shortage caused by the time
variation i , a classical optimal stopping algorithm,
Stochastic Dynamic Progress (SDP), is adopted to
cooperate with the MSEE scheme. From the definition
of the MSEE scheme, the optimal problem of relay
selection given in Eq. (9) can be rewritten as
)
(
X

 

(23)
E ri Ci ri Ii
i D arg max

MSEE Scheme

An alternative to the MSP scheme is to maximize the
Table 1 Process of MSP scheme.
(1) Determine the observation window size k based on Eq. (18).
(2) Negotiate with the first k assisted relay candidates and
calculate the relay selection threshold S D max.Cr;i ; i D
1; 2; : : : ; k/.
(3) Negotiate with the i -th (i D k C 1; k C 2; : : : ; n 1) assisted
relay candidate.
(a) Calculate the spectrum efficiency of relay link Ci .
(b) If the spectrum efficiency is greater than the threshold,
Ci > S, the i -th assisted relay candidate is adopted and
the source node turns to the TS.
(c) If the channel capacity is smaller than the threshold, Ci 6
S, the i-th assisted relay candidate is rejected and the
source node will negotiate with the (i C 1)-th assisted
relay candidate.
(d) If the first (n
1)-th assisted relay candidates are
rejected, the source node will adopt the n-th assisted relay
candidate and turn to the TS.
(4) Turn to transmission stage.

i

where i D
( 1; 2; : : : ; n. We denote i as the state set and
fWi ; Ti ; Oi g; i D 1; 2; : : : ; n 1I
(24)
i D
i Dn
fTn ; On g;
where T denotes the transmission state of ARC, W and
O represent the negotiation state and busy state of ARC,
respectively. From the definition of the MSEE scheme,
the threshold Si can then be written as
Negotiation stage
NS0

S0≥Cd ,0

Cd ,0 ≥S 0

DTS0

NS1

S1≥ max(Cd ,1 , C1 )

… NSn

Cd ,1 ! max( S1 , C1 )

Cd ,n ! max( S n , Cn )

C1 ! max( S1 , Cd ,1 )

Cn≥max( Sn , Cd ,n )

RTS1

RTSn

DTS1

DTSn

Transmission stage
Fig. 4

Illustration of the protocol of MSEE scheme.
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Si D

E
0;



Ci

i

ri jWi ; i C1


; i D 1; : : : ; n
i Dn

1I
(25)





where E ri Ci ri jWi ; i C1
is the conditional
expectation of spectrum efficiency. Based on the idea
of backtracking, Eq. (25) can be further represented as



Si D E ri Ci ri jWi ; i C1 D
X



qWi ;iC1 E riC1 CiC1 riC1 jWi ; i C1 (26)
iC1

where qWi ;iC1 is the one step transition probability,
which can be represented as
qWi ;iC1 D . qWi ;WiC1 ; qWi ;TiC1 ; qWi ;OiC1 /;
i D 1; : : : ; n 1
(27)
Based on Eqs. (26) and (27), the one step transition
probability between the last two ARCs is
qWn 1 ;n D . qWn 1 ;Wn ; qWn 1 ;Tn ; qWi ;OiC1 / D
. 0; Pfree;n ; Pbusy;n /
(28)
where, as defined above, Pfree;n and Pbusy;n represent
the available probability and unavailable probability of
the n-th ARC, respectively. From Eqs. (26) and (28),
the threshold of the penultimate stage Sn 1 can be
calculated by
Sn 1 DPfree;n E rn ŒCn . rn / C Pbusy;n Cd;n (29)
where
Z
1

E

rn

ŒCn .

rn /

D

Cn .

rn / f . rn /d rn

(30)

1

Similarly, the one step transition probability between
the i -th and .i C 1/-th ARCs is
T
qWi ;i C1 D qWi ;WiC1 ; qWi ;TiC1 ; qWi ;OiC1 D
0
1
2SiC1
Z 2 T .iC1/
1
B
C
B Pfree;i
f . riC1 /d riC1 C
B
C
1
B
C
Z 1
B
C (31)
BP
C
2S
f
.
/d
free;i
r
r
iC1
B
iC1
iC1 C
@
A
2 T .iC1/ 1
Pbusy;i
where the
threshold
S
.i
D 1; 2; : : : ; n 2/ is
X
 i


Si D
E riC1 Ci C1 riC1 ji C1 D
iC1

qWi ;WiC1SiC1CqWi ;TiC1Vi C1CqWi ;OiC1Cd;iC1 (32)
where Vi C1 is the expectation of the spectrum efficiency
for , calculated as
Z 1

2SiC1
Vi C1 D
Ci C1 riC1 f . riC1 /d riC1 :
2T

.iC1/

1

From Eqs. (28) to (32), each of the threshold Si (i D
1; 2; : : : ; n 1) is determined. The process of the MSEE
scheme is summarized in Table 2.

Table 2 Process of MSEE scheme.
(1) Calculate the spectrum efficiency threshold Si ; i D 1; 2;
: : : ; n.
(a) Set the threshold Sn D 0.
(b) Calculate the threshold Sn 1 based on Eq. (29).
(c) Calculate the one step transition probability between the
i -th ARC to the (i C 1)-th ARC based on Eq. (31).
(d) Calculate the threshold Si based on Eq. (32).
(2) Negotiation stage.
(a) Calculate the spectrum efficiency Cd;i of user without
RA before the source node negotiates with the i -th ARC,
(b) Confirm whether the i-th assisted relay candidate is
available.
(c) If the i -th ARC is busy and Cd;i > Si , the source node
turns to the DTS.
(d) If the i -th ARC is busy and Cd;i 6 Si , the source node
will negotiate with the next AR candidate and go back to
Step (a).
(e) If the i -th ARC is free and max.Cd;i ; Cr;i / > Si , the
source node turns to the DTS when Cd;i > Cr;i , or RTS
when Cd;i 6 Cr;i .
(f) If the i-th ARC is free and max.Cd;i ; Cr;i / 6 Si , the
source node will negotiate with the next ARC and go
back to Step (a).
(3) Transmission stage.

5

Numerical Results

In this section, we present the numerical results of
the MSP and MSEE schemes. We assume the SNR
provided by the ARCs follows the uniform distribution
U. d ; max /, and the SNR of the direct transmission
mode d is 10 dB. The Monte Carlo simulation is
repeated 100 000 times.
5.1

Numerical results of MSP scheme

The y-coordinate of Fig. 5 represents the probability
that the i-th ARC is BARC. Moreover, the red line with
0.25

max = 0 dB

0.20

BARC probability

(
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max = 10 dB
max = 20 dB

0.15

0.10

0.05

0

5

10

15

20

Index of ARC

Fig. 5 Probability as the BARC under different SNR
conditions.
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Selective probabiltiy of BARC
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max = 0 dB
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max = 10 dB

0.025

max = 20 dB

0.020
0.015
0.010
0.005

0

5

10

15

20

Observation window size

Fig. 6 Selective probability of the BARC under different
SNR conditions.

0.06

Selective probability of BARC

plus signs shows the probability when max is 20 dB,
the black line with circles shows the probability when
the max is 10 dB, and the blue line with squares shows
the probability when the max is 0 dB. The 0 point of
the ARC index denotes the direction communication
mode. The results show that the probability decreases
with an increase in the ARC index i , because the total
negotiation cost i increases. Figure 5 also shows that
the probability approaches 0 at a sufficiently high index
i, indicating that a very large number of ARCs is
unnecessary for the MSP scheme. Furthermore, we also
note that the max value has an insignificant effect on
probability, indicating that the MSP scheme is robust
under different SNR conditions.
Figure 6 shows the relationship between the
probability of selecting the BARC and the observation
window size k under different max conditions when
the negotiation cost  is 0.001. The lines have the
same meanings as in Fig. 5. The results show that a
smaller observation window size k expects a higher
max , and that the optimal observation window size k
is not sensitive to the SNR. Consistent with the results
shown in Fig. 5, this also affirms the robustness of the
MSP scheme is under different SNR conditions.
Figure 7 shows the relationship between the selective
probability of BARC and the observation window size
k under different negotiation cost conditions when the
max is 20 dB. Similar to the results shown in Fig. 6,
the observation window size k increases slowly as the
negotiation cost  decreases.
In Fig. 8, the spectrum efficiency performance under
different max conditions is shown when the negotiation
cost  is 0.001. The black line shows the spectrum
efficiency performance without ARC. The solid blue
line with squares shows the spectrum efficiency UB
with 10 ARCs in the AF-RA network, the dashed blue
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Fig. 7 Selective probability of the BARC under different
negotiation cost conditions.
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Fig. 8 Spectrum efficiency of MSP scheme under different
SNR conditions.

line with squares is the spectrum efficiency of the MSP
scheme with 10 ARCs, and the red lines with plus signs
are the spectrum efficiency UB (solid) and the spectrum
efficiency of the MSP scheme (dashed) with 3 ARCs.
From the results shown in Fig. 8, it is clear that the
performance of the MSP scheme effectively approaches
the UB. Furthermore, the gap between the spectrum
efficiency of the MSP scheme and performance UB
increase with an increase in max indicating that the
MSP scheme is more suitable for the lower max case.
The results shown in Figs. 5 – 8 reveal that the
performance of the MSP scheme effectively approaches
the performance UB, and that the observation window
size of the MSP scheme is insensitive to the SNR and
negotiation cost. These results mark the MSP scheme
as simple, stable, and easily applicable to a real-world
environment.
5.2

Numerical results of MSEE scheme

Figure 9 shows the relationship between the spectrum
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efficiency and the number of ARCs under different max
conditions. The solid lines with squares and plus signs
show the spectrum efficiency UB when the max is 3 dB
and 10 dB, respectively, while the dashed lines with
squares and plus signs show the same results for the
MSEE scheme. The black line denotes the spectrum
efficiency without ARC. The results shown in Fig. 9
reveal the spectrum efficiency UB and the spectrum
efficiency of MSEE scheme increases as the number of
ARCs increases. The performance of the MSEE scheme
effectively approaches the spectrum efficiency UB, and
with more than 8 ARCs, the two almost converge. This
shows that increasing the number of ARCs is not always
beneficial for the spectrum efficiency of an AF-RA
network.
Figure 10 shows the relationship between the
spectrum efficiency and max . The dashed lines with
squares and plus signs represent the spectrum efficiency
of MSEE scheme when there are 8 and 4 ARCs in
Spectrum efficiency (bits/(s·Hz−1))
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Fig. 9 Spectrum efficiency of MSEE scheme under different
ARC amounts conditions.

the AF-RA network, respectively, while the solid lines
show the corresponding spectrum efficiency UB. The
results show that increasing max is beneficial for the
spectrum efficiency of an AF-RA network, and that
the gap in spectrum efficiency between the MSEE
scheme and UB increases with an increase in max , these
findings are similar to those of the MSP scheme.
Figure 11 shows the spectrum efficiency performance
under different probability of ARC availability
assumptions. A higher probability of ARC availability
means that there are fewer users in the RA network.
The dashed lines with squares and plus signs represent
the performance of the MSEE scheme with 8 and 4
ARCs, respectively, and the solid lines with squares and
plus signs show the spectrum efficiency UB when there
are 8 and 4 ARCs in the RA network, respectively. The
results show that the spectrum efficiency increases with
an increase in the probability of ARC availability, and
that the performance of the MSEE scheme is closer
to the spectrum efficiency UB when the probability of
ARC availability is lower. This points to that the MSEE
scheme shows a higher performance under conditions
of low probability of ARC availability. Moreover,
the spectrum efficiencies almost converge when the
probability of a free ARC is higher than 0.6, indicating
that the presence of a large number ARCs gives only
a limited advantage for the spectrum efficiency of an
AF-RA network.
Figure 12 shows the relationship between the
spectrum efficiency and the negotiation cost  . The
meaning of the lines is the same as in Fig. 11. From
the results shown in Fig. 12, it is clear that the
spectrum efficiency decreases sharply with an increase
in the negotiation cost , and that such an increase
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Fig. 10 Spectrum efficiency of MSEE scheme under
different SNR conditions.

1.0

0.8

Without ARC
MSEE scheme, 8 ARCs
UB, 8 ARCs
MSEE scheme, 4 ARCs
UB, 4 ARCs

0.6

0.4

0.2

0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Available probability

Fig. 11 Spectrum efficiency of MSEE scheme under
different available probability conditions.
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Spectrum efficiency (bits/(s·Hz−1))

1.2

scheme is superior to that of the MSP scheme, and that
the superiority of the MSEE scheme increases with an
increasing number of ARCs.
We also compare the performance of the MSP and
MSEE schemes under different max conditions, with
the results shown in Fig. 14. The meaning of the lines
is same as in Fig. 13. Figure 14 also shows that the
performance of the MSEE scheme to be superior to that
of the MSP scheme, and that superiority of the MSEE
scheme increases with an increase in max .
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Fig. 12 Spectrum efficiency of MSEE scheme under
different negotiation cost conditions.

also decreases the performance gap between a 8-ARC
MSEE and a 4-ARC MSEE scheme. From the results
shown in Fig. 12, we can conclude that the MSEE
scheme is more suitable for low negotiation cost cases.
5.3

Comparing the MSP and MSEE schemes

Figure 13 shows the results of a performance
comparison between the MSP and MSEE schemes with
different numbers of ARCs. The dotted and dashed lines
with squares are the spectrum efficiency performance
of the MSP and MSEE schemes, respectively, with
the negotiation cost  D 0:01, while the dotted and
dashed lines with plus signs represent the spectrum
efficiency performance of the MSP and MSEE schemes,
respectively, with the negotiation cost  D 0:001. The
solid lines with squares and plus signs show the
spectrum efficiency UB under different negotiation cost
conditions. From the results shown in Fig. 13, it is clear
that the spectrum efficiency performance of the MSEE

6

In this paper, two relay selection schemes, MSP and
MSEE, are proposed for AF-RA networks, with the
optimal stopping theory employed to cooperate with the
schemes. From the simulation results, it is clear that the
spectrum efficiency performance of the MSEE scheme
is superior to that of the MSP scheme, even though
both of them effectively approach the performance
UB. Nonetheless, the performance advantage of the
MSEE scheme comes at the cost of complexity, and
the performance gap is negligible with a sufficiently
low maximum SNR ( max ) value and/or a sufficiently
high negotiation cost () value. These findings indicate
that MSP is more suitable for lower SNR and/or
higher negotiation cost cases, since it can provide the
same performance with low complexity. However, the
MSEE scheme should be adopted in higher SNR and/or
lower negotiation cost cases because of its superior
performance.
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